No presente artigo, métodos teóricos foram utilizados na análise da estrutura e propriedades eletrônicas de oligômeros de alquiltiofenos considerando diferentes regiosseletividades. A lacuna de energia entre as bandas de valência e condução foi calculada nos níveis ab initio Hartree-Fock (HF) e teoria do funcional de densidade (DFT) e semi-empírico ZINDO/S-CI. Os resultados mostraram que o isômero Head-Head-Tail-Tail (HH-TT) apresenta menores valores para a lacuna de energia quando oligômeros com mais de três unidades monoméricas são considerados e que a substituição do anel tiofeno por grupos alquila não afeta significativamente a lacuna de energia. Esse resultado é importante no sentido que mostra que polímeros mais processáveis podem ser obtidos através da alquilação sem perda considerável de suas características condutoras.
Introduction
Conjugated organic polymers have been subject of intense experimental and theoretical researches since 1977 when this class of materials was fully tested. 1 Several systems as poly(pyrrol), poly(aniline), poly(phenylthiophene) and poly(alkylthiophene) were prepared and their electronic and optical properties analyzed.
2 Doped organic molecules were also widely tested for building electronic and photonic devices. 3 The substituted α,α'-oligothiophenes have been considered adequate prototypes for intrinsic electro-active polythiophenes. Their structural and electronic properties can be modulated by group substitution. The polythiophenes are easily oxidized π-electron systems exhibiting conductivities of ~20 S.cm -1 and are stable at oxygen atmosphere. 3 The small oligothiophenes are usually not processable using common solvents, and one way to contour this obstacle is to substitute appropriated molecular positions by alkyl groups, that leads to processable (fusible and soluble) derivatives without losing conductivity.
Some difficulties on the structural understanding of poly(alkylthiophenes) have been pointed out. Images of poly(3-alkylthiophenes) obtained from high resolution 833 Structure and Electronic Properties of Alkylthiophenes Coupled Vol. 15, No. 6, 2004 scanning tunneling microscopy (STM) and atomic force microscopy (AFM) did not present molecular resolution. 4 The wide angle X-ray technique was used and a lamellar interchain arrange determined. 5, 6 However, despite the experimental data obtained so far, information at molecular level enough for a comprehensive conclusion about organic semiconductors are still necessary.
For the alkylthiophenes the regiochemistry control is an important factor to be considered, once that the coupling type is responsible for different structure and electronic properties. The regioselectivities can be of several types, being the Head-Tail-Head-Tail (HT-HT) and the HeadHead-Tail-Tail (HH-TT) more important ( Figure 1) . Synthesis of alkylthiophenes yielded 98-100% of HT-HT coupling. 7 The regiochemistry analysis was performed from a series of two-dimensional 1 H and 13 C NMR spectroscopy. 8 These studies showed that it is possible to prepare regular polymers and that the regioselectivity type governs the conductivity on doped alkylthiophenes. In condensed phase the inter-chain interactions (hopping) and counterion presence modify the polymer structure, increasing the energy gap and consequently reducing the macroscopic conductivity of polymers with HH-TT coupling. 8 The energy gap (E g ), determined from bulk polymeric properties, is an important property correlated to the electronic conductivity. Experimentally the E g can be obtained from UV spectroscopy through the intersection point between the absorption and emission bands. In this case it is actually the molecular E 0 0 . For the alkylthiophenes the energy gap was measured from cyclic voltammetry (CV) technique as the difference between the oxidation and reduction potentials. Neglecting solvation effects the values obtained from CV technique and UV-VIS spectroscopy could present similar magnitudes.
Recently we have applied theoretical quantum mechanical methods to study thiophene derivatives. [9] [10] [11] Oligomers up to 6 thiophene units have been considered, substituted by groups like OCH 3 , NO 2 , 9 CN 10 and phenyl.
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In our previous papers, the energy gap was estimated from LUMO-HOMO energy difference and using the configuration interaction (CI) approach. In the present paper the alkylthiophenes up to 6 monomeric units were studied using quantum mechanical Hartree-Fock (HF) and Density Functional Theory (DFT) methods. Structure and electronic properties are discussed as function of the regiochemistry and size of the oligomers considering the syn and anti conformers.
Methodology
The syn and anti conformers were found to be stable for the bithiophene parent compound, 12 so these were the structures considered for substitution by alkyl groups at HT-HT and HH-TT coupling according to the representation in Figure 1 . Oligomers up to 6 monomeric units were studied. The geometries for the HT-HT and HH-TT couplings were fully optimized at Hartree-Fock (HF) level with the 6-31G and 6-31G(d) basis sets. 13 The electronic properties were calculated at the Density Functional Theory (DFT) level 14 with the local functional (SVWN) [14] [15] [16] using the HF optimized geometries. The basisset employed was the 6-31G(d) in the single point calculations. The molecular energy gap (E 0 0 ), between ground and excited states, was calculated as the LUMO-HOMO energy difference and also with the aid of the configuration interaction (CI) approach as implemented in the semiempirical method ZINDO/S-CI developed by Zerner and co-workers, using the ARGUSLAB program. 17 The latter was recently used to predict band gaps in neutral heterocyclic conjugated polymers showing very good agreement with experimental data. 18 It is important to make clear here that the estimated energy gap from the frontiers molecular orbitals is supported by the Koopmans' theorem based on HF method, 19 including semiempirical approaches, and DFT methods. 20 At DFT level the intrinsic value to E 0 0 can be estimated directly from the eigenvalues of the Kohn-Sham equations, however the accuracy of the predicted properties strongly depends on the approximate exchange-correlation functional. 
Results and Discussion
In the first part of this article we analyze the effect of the alkyl substitution on the structure and electronic properties of syn and anti bithiophene molecules. Tables  1 and 2 report the inter-rings dihedral angle (ω) and energy gap (E 0 0 ) calculated for the bithiophene (2T) and alkylbithiophene derivatives with HT (Table 1) and HH (Table 2) regioselectivities. For the parent compound 2T, the inter-ring dihedral angle calculated for the anti form from the HF/6-31G(d) geometry (ω=147°) was found to be in good agreement with those obtained from higher levels of theory 12 and experimental data. 22 Calculations involving substituted HT alkylbithiophenes provided values for w ranging from 119 (propyl, 2T-C3) to 108° (octadecyl, 2T-C18) for anti conformers and from 71 (propyl, 2T-C3) to 60° (octadecyl, 2T-C18) for syn forms (Table 1) . For the anti HH molecules, the inter-ring dihedral angle was found to be close to 95° (see Table 2 ). As already discussed in the paper of Bongini and Bottoni, 23 the HF result for HH isomer leads to only one minimum on the potential energy surface (PES) with ω close to 90°. A syn form (ω=60°) was obtained at MP2 level and a syn and anti equilibrium was found only at DFT level of theory. 23 For the HT alkylderivatives we obtained both forms in equilibrium even at HF level (see Table 1 ), with the syn form found to be slightly more stable (0.32 kcal/mol for 2T-C6). Others theoretical studies dealing with conformational analysis of alkylbithiophenes have also been reported using semiempirical methods. 24 The structural distortion is reflected on the energy gap. For the 2T in the anti conformation, the experimental E 0 0 is 3.68 eV 25 values at SVWN/6-31G(d)//HF/6-31G(d) level were found to be 4.05 eV for alkyl side chain longer than propyl, being higher than the value calculated for the syn conformation, which was 3.86 eV (see Table 1 ). The corresponding values for anti HH isomers were constant and equal to 4.35 eV ( Table 2 ). An increase of the energy gap is observed from 2T to 2T-C3 alkybithiophenes associated to the distortion of the geometry. However, the substitution of the 2T molecule by longer alkyl groups does not lead to a significant variation of the E 0 0 . For the HT structure, the energy gap 
a The labels C3, C6, C8, C12 and C18 stand for propyl, hexyl, octyl, dodecyl and octadodecyl respectively; b The basis-set used were 6-31G(d) for geometry optimization and energy calculation;
c The values in parenthesis correspond to the active space used in the CI procedure; d Experimental energy gap (eV) determined from UV-VIS spectroscopy for the anti form of the bithiophene molecule, see reference;
25 e For these molecules it was not possible to perform a CI considering all valence molecular orbitals, due to the size of the systems. The labels C3, C6, C8, C12 and C18 stand for propyl, hexyl, octyl, dodecyl and octadodecyl respectively; b The basis-set used was 6-31G(d) for geometry optimization and energy calculation;
25 e For these molecules it was not possible to perform a CI considering all valence molecular orbitals, due to the size of the systems. Structure and Electronic Properties of Alkylthiophenes Coupled Vol. 15, No. 6, 2004 calculated for the syn form was 3.86 eV (SVWN//HF) for alkylbithiophene substituted by side chain longer than propyl, being lower than the value found for the anti form.
For the 2T and 2T-C3 derivatives, the E 0 0 calculated for the syn conformation were higher than those obtained for the anti isomer. This can be understood by analyzing the out of plane distortion due to the presence of the alkyl group. In the 2T molecule, ω=45° (syn) and 147° (anti), showing that the anti form is only 33° out of plane that is in accordance with the lower energy gap. This same qualitative trend was observed for the 2T-C3 molecule, with the syn form 71° (ω=71°) and the anti conformation 61° (ω=119°) out of plane. This behavior is reversed for the 2T-C6 where the out of plane distortion is more pronounced in the anti form: 60° (syn) and 72° (anti). The same trend on the energy gap was observed at the other levels of theory (see Table 1 ). At the ZINDO/S-CI//HF/6-31G(d) level of theory the E 0 0 values are dependent on the active space used. For the 2T parent compound the E 0 0 was found to be 4.27 (syn) and 4.14 eV (anti) when 10% of the valence molecular orbitals (VMO) were used and 3.83 (syn) and 3.71 eV (anti) when all the VMO were considered, which is closer to the experimental value (3.68 eV). This result shows the necessity to use expanded active space to reproduce energy gaps for bithiophene like molecules within the ZINDO/S-CI approach. Similar results have been recently obtained for cyanothiophenes derivatives. 10 The results reported here are important in the sense that alkyl derivatives can improve the polymer processability without significant lowering of the conductivity, if we consider only the band gap molecular parameter. In the next part of the present study we analyzed the structure and electronic properties of oligo(hexylthiophene) up to 6 monomeric units substituted at HT-HT and HH-TT positions (Tables 3-6 ). In the Table 3 the inter-rings dihedral angles (ω i ) of the oligo(hexylthiophene) derivatives with 2 (2T-C6) up 6 (6T-C6) monomeric units are reported for the HT-HT regioselectivity. The structures were fully optimized at HF/6-31G and HF/6-31G(d) levels of theory considering the syn and anti conformations. These structures were constructed considering the local conformation as being either all syn or all trans (see Figure 2) . The torsional PES for such large system is quite complicate with many distinct local minima and combination of syn and anti forms over the chain can certainly leads to more stable structures.
In the present work we analyze only the most stable all trans and less stable all syn forms (Figure 2 ). For the 5T-C6 derivate the anti conformation was found to be only 0.1 kcal/mol more stable than the syn one at HF/6-31G* level of theory. The results show that the anti structure is more sensitive to the basis-set, with the geometry found to be less planar at the HF/6-31G(d) level. The inter-rings dihedral angles calculated for the HH-TT isomer is given in Table 4 for the anti form (Figure 2b ). Analyzing the values in Table 4 it can be noted two distinct sets of dihedral angles relative to the HH (ω~95°) and TT (ω~170°) moieties (see Figure 1b and 2b). For the latter the effect of polarization functions is more pronounced, given a less planar geometry at HF/6-31G(d) (ω~150° in the TT moiety).
The HT-HT and HH-TT calculated energy gaps values are reported in Tables 5 and 6 . In a general way the E 0 0 is slightly smaller for the oligomers in the HH-TT regioselectivity, except for the 2T-C6 where it was found a lower value of E 0 0 for HT-HT. This result is contrary to experimental data for polymers in condensate phase where a lower energy gap is predicted for the HT-HT regioselectivity. 8 This disagreement might be regarded to the intermolecular interactions. It is interesting to note the decreasing in the energy gap, as the oligomer chain becomes larger. calculated for the 6T-C6 was found to be slightly higher than the with 1/n, being n the number of monomeric units;
c These values were calculated without the 2T-C6 data. values for the 5T-C6 at both levels of theory. At the SVWN/ 6-31G(d)//HF/6-31G level, this result can be attributed to the less planar geometry calculated for the 6T-C6, however at the SVWN/6-31G(d)//HF/6-31G(d) level similar geometries were found for 5T-C6 and 6T-C6 structures (see Table 4 ). For the syn forms with HT-HT regioselectivity the energy gap variation was from 3.86 to 3.15 eV and from 3.63 to 2.90 eV respectively at both levels of theory considered. The extrapolated energy gap to the infinity polymer was predicted. The DFT and ZINDO-S/CI results are reported on the Tables 5 and 6 respectively. The linear correlation was performed without considering the energy gap calculated for the 2T-C6 derivative, which do not presented polymeric characteristic. The quality of the correlation used to extrapolate the band gap from finite to infinite polymer is exemplified for the HT-HT derivatives in the syn and anti forms in Figure 3 . Analyzing the DFT values in Table 5 it can be noted that the energy gap obtained for the anti form are quite similar for the HT-HT and HH-TT isomers, equal to 2.61 and 2.60 eV (SVWN/6-31G(d)//HF/6-31G) and 3.22 and 3.09 eV (SVWN/6-31G(d)//HF/6-31G(d)). For the HT-HT regioselectivity the syn form was also analyzed and the calculated energy gap found to be 2.54 and 2.79 eV respectively at the both levels of theory mentioned before. The calculated values at SVWN/6-31G(d)//HF/6-31G are closer to the experimental, with the energy gap for the syn HT-HT differing only in 0.22 eV from the observed value. According to our previous study 10 the average deviation of calculated energy gap from the experimental data was 0.22eV at the SVWN//HF level that is in agreement with the result obtained in the present study (0.29 eV for the anti HT-HT and HH-TT and 0.22 eV for the syn HT-HT isomers). The ZINDO-S/CI values (Table 6 ) are higher than the DFT ones and are quite sensitive to the active space used in the CI procedure. In Table 6 Finally, the results obtained in the present study showed that the inclusion of alkyl side chain in thiophenes derivatives allows selective control of the molecular structure and microscopic energy gap that can be done with specific regioselectivities and is necessary but not sufficient to obtain the macroscopic properties.
Conclusions
The structure and energy gap were calculated for a series of alkylthiophenes using theoretical methodologies based on HF and DFT approaches. Two distinct regioselectivities in the anti and syn conformations were considered, defined according to the side chain position. For the alkylbithiophene (2T-R), the HT-HT isomers presented lower energy gap than the HH-TT derivatives. However for the longer oligo(alkylthiophenes) the gas phase calculated energy gap were found to be lower for the HH-TT regioselectivity. The extrapolated energy gaps for the infinity polymer were 2.60 and 2.54 eV respectively for the anti and syn HT-HT isomer at the SVWN/6-31G(d)// HF/6-31G level, which are in good accordance with the experimental value (2.32 eV).
In general, our results show that the energy gap does not change significantly with the increasing of the side chain. This is important, once that more processable polymer can be obtained through alkylation with slight decreasing of energy gap that is an important molecular properties related to the electronic conductivity. ) and the reciprocal of the number of thiophene units (1/n) for oligo(hexylthiophene).
